Heterogeneity within human tissue-resident memory T (T RM ) cells is poorly 25 understood. We show that transcriptionally, phenotypically, and functionally distinct 26 CD4+ and CD8+ T RM subsets exist in the human intestine, and that β2-integrin 27 expression identifies a distinct population of CD8+ T RM cells. 28 29 Abstract 30 Tissue-resident memory T (T RM ) cells provide key adaptive immune responses in 31 infection, cancer, and autoimmunity. However transcriptional heterogeneity of human 32 intestinal T RM cells remains undefined, and definitive markers of CD103-T RM cells are 33 lacking. Here, we investigated transcriptional and functional heterogeneity of human 34 T RM cells through the study of donor-derived intestinal T RM cells from intestinal 35 transplant recipients. Single-cell transcriptional profiling identified four conventional T RM 36 populations, with two distinct transcriptional states of CD8+ T RM cells, delineated by 37 ITGAE and ITGB2 expression. We defined a transcriptional signature discriminating the 38 two CD8+ populations, including differential expression of key residency-associated 39 genes and cytotoxic molecules. Flow cytometry of recipient-derived cells infiltrating the 40 graft and intestinal lymphocytes from healthy gut confirmed the two CD8+ T RM 41 phenotypes, with β2-integrin acting as a CD103-CD8+ T RM marker. CD103+ CD8+ T RM 42 cells produced IL-2, and demonstrated greater polyfunctional cytokine production, while 43 β2-integrin+ CD69+ CD103-T RM cells had higher granzyme expression. Phenotypic and 44 functional analysis of intestinal CD4+ T cells identified many parallels, including a 45 distinct β2-integrin+ population. Together, these results describe the transcriptional, 46 3 phenotypic, and functional heterogeneity of human intestinal T RM cells, and suggest a 47 role for β2-integrin in T RM development. 48 49
(median 0.042%, 95% CI 0-1.22%; Fig. 1F ). This is far below the posited cut-off for 137 macrochimerism of 4% in previous work (Fu et al., 2019) , and similar to background 138 non-specific staining in non-transplant recipients (0.01-0.12%; Supplemental Fig. 1B) , 139 suggesting against continuous replacement as a confounding mechanism for sustained 140 donor chimerism. This discrepancy in circulating chimerism between studies may be 141 due to differences in transplant procedure (multi-visceral vs isolated intestinal transplant 142 in this study) and recipient age (paediatric vs adult in this study) (Zuber et al., 2015; Fu 143 et al., 2019) . post-transplant, recovering to expected frequencies after 1 year (Fig, 1I ) . However, the 153 non-Vδ2 γδ T cell subsets demonstrated different dynamics, with this population present 154 at early timepoints. Unconventional T cell subsets demonstrated similar replacement 155 kinetics ( Fig. 1J ). It is unclear if the low innate-like T cell frequency post-transplant is 156 due to differences in residency characteristics, or to increased sensitivity to the 157 ischaemic insult of surgery or perioperative conditioning regimes. 158
159
We examined CD69 and CD103 expression on donor-and recipient-derived CD4+ 160 and CD8+ T cell populations in the intestinal graft. CD103 expression was restricted to 161 CD69+ cells, with a greater proportion of CD8+ cells expressing CD103 than CD4+ 162 cells( Fig. 1K ), in keeping with prior work (Kumar et al., 2017) . Donor-derived T cells 163 showed near-ubiquitous expression of CD69 consistent with a lack of recent migration 164 from blood, and had fewer CD69-cells than recipient-derived populations for both CD8+ 165 (median 0.03% vs 4.17%, p<0.0001, Wilcoxon signed rank test) and CD4+ cells 166 (median 0.10% vs 5.65%, p<0.0001, Wilcoxon signed rank test) ( Fig. 1L ). This suggests 167 that CD69-T cells in the SI are not functionally resident in humans, in contrast to recent 168 murine data which showed no functional requirement for CD69 to establish intestinal 169 residency (Walsh et al., 2019) . Recipient-derived CD4+ and CD8+ T cell populations 170 showed increasing expression of CD103 with time, consistent with the acquisition of a 171 T RM phenotype, as in prior work (Zuber et al., 2016) . We have previously shown higher 172 expression of the C-type lectin-like receptor CD161 on intestinal CD103+ CD8+ T cells 173 (Fergusson et al., 2015) ; here a greater proportion of donor-derived CD8+ T cells 174 expressed CD161, consistent with an association with residency (Supplemental Fig.  175 1D,E). 176 177
Single-cell RNA sequencing delineates transcriptionally distinct states within 178

CD4+ and CD8+ T RM populations 179 180
The persistence of CD103-and CD103+ donor-derived T cells up to five years post-181 transplant, and the enrichment of CD103+ recipient-derived T cells at later time points, 182 raised the possibility that CD103-and CD103+ T cells represented distinct cell states. 183
To test this hypothesis, we performed droplet-based scRNAseq of sorted donor-derived 184 graft-resident T RM cells from a single subject one year post-transplant (Experiment 1, 185 However, population 2 did not sub-cluster further based on KLRG1 gene expression, 206
suggesting that these are not transcriptionally distinct states. Of particular interest, the 207 integrin ITGB2 (β2-integrin/CD18), was highly expressed by the CD103-CD8+ 208 population 2. β2-integrin can form heterodimers with four α-integrins (Fagerholm et al., 209 2019), only one of which, ITGAL (CD11a), was detected in the dataset. ITGAL was 210 highly expressed on the CD103-CD8+ population 2 (Supplemental Fig. 2B,C) . 211
212
CD8+ CD103+ and CD103-ITGB2hi T RM subsets differ in expression of putative 213
residency-associated genes 214 215
Transcriptional signatures associated with human tissue residency have been 216 defined, most thoroughly by bulk RNA sequencing of CD69-and CD69+ T cells from 217 multiple tissues (Kumar et al., 2017) . This T RM gene set was explored in the two CD8+ T 218 cell populations. The genes downregulated in CD69+ T cells were either not detected, 219 or found at low levels in both clusters (Supplemental Fig. 2D ,E). However, several T RM -220 associated genes upregulated in CD69+ T cells were differentially expressed between 221 the two clusters, with population 1 expressing higher levels of ITGAE and ITGA1 (in To confirm the presence of transcriptionally distinct CD8+ T RM states, a second 230 scRNAseq experiment was performed on samples from two further transplant recipients 231 (Experiment 2, Fig. 2A ). Donor-derived CD103-and CD103+ CD8+ T cells were index-232 sorted before plate-based scRNAseq using the Smart-Seq2 protocol (Picelli et al., 233 2013) . 267 cells were sorted and sequenced, with 196 cells remaining post-filtering 234 (Supplemental Fig. 2G -I). Three clusters were identified, with cluster 1 predominantly 235 formed of CD103-T cells, and the transcriptionally similar clusters 2 and 3 formed of 236 CD103+ T cells ( Fig. 2G ). Clusters 2 and 3 (CD103+) expressed higher levels of 237 ITGAE, CD7, and IL7R, while cluster 1 (CD103-) expressed higher levels of GZMK, 238 GZMH, class II HLA molecules, and ITGB2 ( Fig. 2H ). ITGAL, was also detected in 239 cluster 1 (Supplemental Fig. 2J ). 240 241 Differential expression analysis between cluster 1 and clusters 2 and 3 combined 242 revealed similar transcriptional differences to those in Experiment 1 ( Fig. 2I , 243
Supplemental Table 2 ). Comparison of DEGs in the two experiments identified a core 244 set of 30 genes that distinguished the two populations ( Fig. 2I ,J). 245
246
Putative T RM cell subsets in the context of lung transplantation have been described, 247 however these did not align with CD103 expression (Snyder et al., 2019) , in contrast to 248 our work. The transcriptional signatures of the clusters were also different in our work, 249 with the exception of ZNF683, which was also associated with one lung T RM subset. 250
These differences may reflect tissue-specific gene signatures in T RM cells, differences in 251 CD4+ and CD8+ T RM cells, which co-clustered in the previous study of lung T RM cells, or 252 may be an effect of increased cell number in this study, allowing greater power to detect 253 transcriptionally distinct sub-clusters. 254
255
CD103+ and CD103-CD8+ T cells display distinct phenotypes in the healthy 256
intestine 257
258
The presence of CD103-and CD103+ donor-derived CD8+ T cells in the 259 transplanted SI mucosa was confirmed using chip cytometry ( Fig. 3A ). Flow cytometry 260 of donor-derived T cells demonstrated differences in expression of CD161, β2 integrin, 261 and granzyme K between CD103-and CD103+ CD8+ T cells, consistent with 262 scRNAseq data ( Supplementary Fig. 3A ). 263
264
To validate the phenotypic differences between the two putative SI CD8+ T RM 265 subsets outside the transplant setting, we performed flow cytometry of SI T cells from 266 healthy donors. CD8+ SI T cells expressing both CD69 and CD103 predominated, 267 representing 88.9% (81.7-96.0%) of CD8+ T cells, with no difference seen between SI 268 location ( Supplementary Fig. 3B ). 269 270 CD103+ CD8+ T cells expressed higher levels of CD161 and CD127 (IL7R) 271 compared with the CD69-or CD69+CD103-cells, consistent with the transcriptomic 272 data ( Fig. 3B ,C). CD7 expression was higher on all CD69+ T cells, with no difference 273 seen between CD69+CD103-and CD69+CD103+ populations. In contrast, 274 CD69+CD103-CD8+ T cells expressed higher levels of β2-integrin, granzyme K, and 275
KLRG1 than either CD69-cells or CD69+CD103+ cells. 276
Ki-67 expression formed a gradient between the three populations, with higher 278 expression in the CD69-population, and a trend towards increased Ki67 expression in 279 CD69+CD103-CD8+ T cells compared to CD103+ CD8+ T cells (mean 14.88% vs 280 5.72%, 1-way ANOVA and Tukey's multiple comparisons test, P=0.067). This is 281 consistent with prior work indicating that T RM cell persistence is due to longevity rather 282 than in situ proliferation (Thome et al., 2014) . 283 284
Graft-infiltrating, recipient-derived T cells take on a T RM phenotype over time, 285 with CD103+ and CD103-CD8+ T cells displaying distinct phenotypes 286 287
To explore the dynamics of T RM phenotype acquisition, we examined graft-288 infiltrating, recipient-derived T cells. In the early post-transplant period, 52.7% of 289 infiltrating CD8+ T cells lacked CD69 expression, with acquisition of the CD69+ CD103+ 290 T RM phenotype over time ( Fig. 3D ). At later times post-transplant, CD103-and CD103+ 291 populations clearly differed in phenotype, consistent with the two subsets seen in 292 healthy SI. CD161 expression was higher on CD103+ CD8+ T cells than CD69+CD103-293 T cells, and granzyme K expression was higher on CD69+CD103-CD8+ T cells ( 
CD103+ CD8+ intestinal T cells demonstrate greater capacity for cytokine 306
production 307
308
To assess cytokine production capacity of these subsets, SI T cells from healthy 309 controls were stimulated for four hours with PMA+ionomycin, before intracellular flow 310 cytometry for TNFα, IFNγ, IL-2, CCL4, IL-17A, and IL-10. 77% of CD103+ CD8+ T cells 311 produced at least one cytokine, a greater proportion than CD69+CD103-CD8+ T cells 312 (47.7% cytokine positive, P<0.0001), and CD69-CD8+ T cells (37% cytokine positive, 313 P<0.0001) ( Fig. 4A-F ). CD69+ populations produced more TNFα and IFNγ than CD69-314 cells, irrespective of CD103 expression ( Fig. 4A,B ). While scRNAseq data indicated 315 increased CCL4 transcripts in CD69+CD103-CD8+ T cells, CCL4 production following 316 stimulation was not different between the two CD69+ populations (Fig. 4C) . 317 318 CD103+ CD8+ T cells expressed more IL-2 than either CD69+CD103-or CD69-319 populations ( Fig. 4D ). Hepatic CD103+ CD8+ T RM cells also produce increased IL-2 320 Quadruple functional cells were more common in the CD103+ population than in the 330 CD69+CD103-population (21.76% vs 10.32%, P<0.0001), and were near-absent in the 331 CD69-population (0.38%). These results demonstrate that the transcriptionally distinct 332 CD103-and CD103+ CD8+ T RM populations differ functionally and phenotypically, with 333 CD103+ CD8+ populations more polyfunctional, and producing IL-2. 334 335
CD103+ and CD103-CD4+ T cells display analogous phenotypic and functional 336 differences to their CD8+ counterparts 337 338
Despite not forming transcriptionally distinct clusters by scRNAseq, CD4+ SI T cells 339 differed in their phenotype, dependent on CD69 and CD103 expression. CD69-340 populations expressed lower levels of CD161 and CD127, while CD69+CD103-CD4+ T 341 cells had higher expression of β2-integrin than either CD69-or CD103+ populations, 342 analogous to their CD8+ counterparts ( Fig. 5A ). Recipient-derived, graft-infiltrating 343 CD69+CD103-CD4+ T cells also displayed higher expression of β2-integrin than 344 CD103+ counterparts (MFI 51,753 vs 30,959, P<0.0001; Fig. 5B ). 345
A donor-derived regulatory CD4+ FOXP3+ population was detected in the 347 scRNAseq data (Fig. 2C) , and donor-derived CD25+CD127-CD4+ T cells were 348 detected by flow cytometry in some subjects, consistent with potential long-term 349 residency of SI CD4+ regulatory T cells ( Supplementary Fig. 3C ). Low cell number of 350 this population precluded further analysis. Single-cell transcriptional heterogeneity has previously been examined in lung T RM 403 cells, with two potential subsets identified, characterised by predominantly different 404 gene signatures to those in our study (Snyder et al., 2019) . However, their putative 405 subsets contained both CD4+ and CD8+ cells co-clustering, which separated clearly in 406 our study. T RM cell phenotype and behaviour in lung and intestine differ substantially, 407 and this finding may be driven by such tissue-specific differences, or be an effect of the 408 higher cell number in our study (Thome et al., 2014) . It remains unclear if analogous 409 subsets to the intestinal populations described in this study exist in other tissues, 410
whether such subsets differ in residency characteristics and functional capacity, and 411 whether they play distinct roles in human health and disease. 412
413
In conclusion, we have used the human model of intestinal transplantation to study 414 single-cell heterogeneity in the donor-derived bona fide T RM intestinal T cells. We found 415 that CD8+ T RM cells form two transcriptionally, phenotypically, and functionally distinct 416 subsets, with parallel findings in CD4+ T cells. In particular, we report the association 417 between β2-integrin and CD69+CD103-intestinal T RM cells, which may prove not only a 418 useful marker for this population, but could also have a role in T RM development and 419 function. 
Flow cytometry data analysis and statistics 507
Flow cytometry data were analysed using FlowJo version 9.9.5 and version 10.6.1 508 (FlowJo, LLC). Statistical analyses of flow cytometric data were performed using Prism 509 version 8 (Graphpad Software). For phenotypic analysis of rare cell subsets, 510 populations with fewer than 10 cells were excluded. 511 512
Chip cytometry 513
Samples were frozen in OCT (as described above), cryosectioned onto coverslips 514 and placed in cytometer chips (Zellsafe Tissue chips, Zellkraftwerk, GmbH, Deutscher 515
Platz 5c, 04103 Leipzig, Germany). Sections were fixed in situ at room temperature for 516 10 minutes using 4% paraformaldehyde, then washed with 10 mL of PBS. Non-specific 517 binding was blocked by incubating in 5% goat serum (Thermo Fisher Scientific) in PBS 518
for 1 hour at room temperature. Fluorophore-conjugated antibodies (as above, plus pan-519 cytokeratin (C-11, GeneTex), and Histone-H3 (17H2L9, Thermo Fisher Scientific)) were 520 diluted for staining in PBS. Immunostaining was performed iteratively, with up to three 521 colours applied simultaneously. Fluorophores were then bleached and additional 522 antibodies applied to build up the panel (Hennig et al., 2009 ). Images were acquired 523 using a Zellscanner One Chip cytometer (Zellkraftwerk) and ZellExplorer software. BCR genes, and genes expressed in fewer than 10 cells, were removed. Cells with < 553 3460 UMIs (local minimum of the UMI distribution to the left of the mode UMI count), < 554 500 genes, and > 10,000 UMIs, > 2500 genes, and/or > 10% mitochondrial reads were 555 removed ( Supplementary Fig. 2A ). Variable genes were identified using M3Drop 556 reads. Ensembl gene counts were generated using featureCounts v1.6.0 (-C -B -p) 573 (Liao et al., 2014) . Poor quality cells that fit one or more of the following criteria were 574 removed from the analysis ( Supplementary Fig. 2G-I) : small log-library size (< 3 median 575 absolute deviations (MADs) below the median), low percentage of uniquely mapped 576 reads (< 55%), low gene count (< 3 MADs below the median), high percentage of 577 ERCCs (> 37.5%), or high mitochondrial read fraction (> 6%). Outlier cells with a large 578 library size or high gene count (potential doublets) were also removed. Genes with 579 We thank the Oxford TGU GI illnesses biobank team, and the clinicians and 609 endoscopists at Oxford University Hospitals NHS Foundation Trust, for assistance in 610 patient identification and sample collection. We are grateful to Dr Chris Willberg and 611
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